A recombinant baculovirus containing the complete sequence for the Epstein-Barr virus (EBV) BMRF1 gene product, the EBV DNA polymerase accessory protein, under the control of the polyhedrin promoter was constructed. Insect cells infected with the recombinant virus produced two phosphoproteins of 52 and 50 kDa and one unphosphorylated protein of 48 kDa, recognized by anti-BMRF1 protein-specific monoclonal antibody. The major protein bands were 50 and 48 kDa. The expressed BMRF1 gene products were purified to near homogeneity from the nuclear extract of the recombinant baculovirus-infected insect cells by double-stranded DNA-cellulose column chromatography followed by heparin-agarose column chromatography. The purified BMRF1 gene products exhibited higher binding affinity for double-stranded DNA than for single-stranded DNA without ATP hydrolysis. The protein-DNA interaction did not necessarily require a primer terminus. The present system will open the way for the biochemical characterization of the EBV DNA polymerase accessory protein.
The genome of Epstein-Barr virus (EBV), a human lymphotropic herpesvirus, consists of a linear duplex DNA which is 172 kb long and encodes approximately 84 proteins (1) . During the latent phase of the viral life cycle, the EBV genome is maintained as a circular plasmid molecule. However, after induction of the lytic phase of viral replication, the EBV DNA replication proteins are expressed and the EBV genome is amplified 100-to 1,000-fold. The replication product is a head-to-tail concatemer, which is synthesized by the EBV DNA polymerase via a rolling-circle mechanism initiated from ori Lyt (10) .
The EBV DNA polymerase, which exhibits highly processive replication and possesses 3'-to-5' exonuclease activity (29) (30) (31) , has been purified (15, 18, 29) . The 110-kDa EBV DNA polymerase catalytic polypeptide copurifies with the 48-to 55-kDa nuclear phosphoproteins encoded by the BMRF1 open reading frame identified as a part of the early antigen diffuse (EA-D) component (15, 18) . The BMRF1 gene products appear to function as EBV DNA polymerase accessory proteins because of the neutralization of the EBV DNA polymerase activity by monoclonal antibodies (MAbs) to the BMRF1 protein and the low activity in DNA polymerase fractions lacking the BMRF1 proteins (16, 18) . In investigations of the molecular basis of protein-protein interactions between the subunits of the EBV DNA polymerase holoenzyme, the development of overexpression and purification systems of the individual components is very useful.
I have expressed EBV BMRF1 gene products in the recombinant baculovirus-infected insect cells in order to get sufficient amounts of functionally active BMRF1 gene products without cross-contamination of the EBV DNA polymerase catalytic subunit. The expressed proteins have been purified to near homogeneity, and the DNA-binding activity has been characterized in detail. The BMRF1 gene products exhibited double-stranded DNA (dsDNA)-binding activity without ATP hydrolysis, and the DNA binding did not require a primer terminus, unlike bacteriophage T4 polymerase accessory proteins, gene 44/62 proteins (14) , and the eukaryotic DNA polymerase 8 accessory protein, RF-C (27, 28) . This system will enable the biochemical and structural studies of the EBV DNA polymerase accessory protein.
Construction of the recombinant baculovirus, AcBMRF1. B95-8 cells, cells of a virus-producing marmoset lymphoblastoid cell line immortalized with human EBV from a patient with mononucleosis, were treated with phorbol-12-myristate-13-acetate and sodium n-butyrate as described previously (29) . After incubation for 48 h at 36°C, the culture medium was collected and extracellular virus particles were purified and treated with sodium dodecyl sulfate (SDS) and proteinase K as described previously (33) . The EBV whole DNA was completely digested with BamHI. After the BamHI-digested EBV DNA fragments were inserted into the BamHI site of pACYC184, the ligated recombinant plasmids were transformed into Escherichia coli HB101. Tetracycline-sensitive and chloramphenicol-resistant colonies were picked up. The recombinant plasmid containing the BMRF1 open reading frame, pEBBamHIM, was identified by the size of the inserted DNA and by restriction-mapping analyses (data not shown).
The recombinant plasmid pEBBamHIM was again transformed into E. coli GM33 (dam dcm) and then purified. The DNA fragment containing a full-length copy of the BMRF1 gene, EBV nucleotides 79894 to 81230, was isolated from plasmid pEBBamHIM by digestion with BclI and BglII and inserted into the BamHI site of the baculovirus transfer vector pVL941 (19) to generate recombinant plasmid pVL941/BMRF1. The correct orientation was verified by restriction-mapping analyses.
The AcRP231acZ baculovirus (23) (Fig. 2) . The nuclear extract was dialyzed overnight against buffer A containing 0.1 M NaCi (fraction II).
(ii) dsDNA-cellulose column chromatography. Fraction II was loaded onto a dsDNA-cellulose column equilibrated with buffer A containing 0.1 M NaCl. The dsDNA-cellulose column was washed with buffer A containing 0.1 M NaCl and eluted with a 24-ml linear gradient from 0.1 to 1 M NaCl in buffer A. As shown in Fig. 3 , almost all the other proteins in the nuclear extract flowed through the dsDNA-cellulose column. The recombinant BMRF1 gene products of 52, 50, and 48 kDa eluted at 0.24 M NaCl. Peak fractions were pooled (fraction III).
(iii) Heparin-agarose column chromatography. Fraction III was applied to a column of heparin-agarose equilibrated with buffer A containing 0.1 M NaCl. The column was washed and eluted with a 16-ml linear gradient from 0.1 to 0.8 M NaCl in buffer A. The BMRF1 proteins eluted at 0.36 M NaCl and were purified to near homogeneity (data not shown). The peak fractions were collected. The pooled and 48 kDa and a minor band of 52 kDa.
The purification of the recombinant EBV BMRF1 gene products is summarized in Table 1 . The yield was determined to represent 12% of the original quantity of the BMRF1 proteins produced in the infected insect cells. The peak fractions of the BMRF1 gene products were devoid of any detectable DNA polymerase or nuclease activity.
The recombinant BMRF1 gene products exhibit dsDNAbinding activity. It has been reported that pp58 and ppSO phosphoproteins expressed in the EBV-nonproducer cell line NC 37 bound dsDNA-cellulose column and eluted from the column by a buffer containing 0.3 M NaCl (24) . These proteins react with MAb R3, which is identical to MAb 9240 (26) . The BMRF1 gene products expressed in the AcB-MRF1-infected Sf9 cells consisted of two phosphoproteins of 52 and 50 kDa and an unphosphorylated protein of 48 kDa. All forms of the BMRF1 gene products bound the dsDNAcellulose column and eluted at 0.24 M NaCl on a linear gradient from 0.1 to 1 M NaCl in buffer A (Fig. 3) . This observation shows that the recombinant BMRF1 gene products, as well as the authentic proteins, exhibit dsDNAbinding activity.
To characterize the DNA-binding properties in detail, nitrocellulose filter-binding assays were performed by using the purified BMRF1 gene products (Fig. 4A) . Formation of BMRF1 protein-DNA complexes was measured by using alkali-treated nitrocellulose filters (type HAWP; pore size, 0.45 ,um; Millipore Corp.) as described previously (20) . The filters were soaked in 0.5 M KOH for 20 min at room temperature, washed extensively with distilled water, washed with 100 mM Tris-HCl (pH 7.6), and stored in the same buffer at 4°C. Neither ssDNA nor duplex DNA is retained by the alkali-washed filters, but protein-DNA complexes are efficiently retained. The DNA substrate used was activated calf thymus DNA, which was labeled with [3H]dGTP in the presence of dATP, dCTP, and dTTP with E. coli polymerase I large fragment. The standard assay mixture (50 ,ul) contained 0.1 ,ug of the labeled dsDNA (2.2 x 106 cpm/,ug) and the indicated volumes of the purified BMRF1 gene products (33 pLg/ml) or bovine serum albumin (BSA; 100 ,ug/ml) in DNA-binding buffer (20 mM Tris-HCl [pH 8.0], 5 mM MgCl2, 20 mM NaCl, 1 mM dithiothreitol). The mixtures were incubated for 5 min at 30°C. Reactions were then diluted 10-fold in the DNA-binding buffer and applied to the alkali-treated nitrocellulose filter by using a multichannel filtration manifold. The filters were washed with 2 ml of the DNA-binding buffer and dried, and the radioactivity bound was determined by using an Aloka liquid scintillation counter. All data were corrected for background (i.e. radioactivity retained on the filter in the absence of the BMRF1 gene products). For ssDNA-binding assays, the labeled dsDNA was denatured before use by heating to 100°C for 5 min. The BMRF1 gene products bound to the labeled calf thymus dsDNA in a dose-dependent fashion, whereas the control BSA did not. Furthermore, the BMRF1 gene products bound to duplex DNA preferentially over heat-denatured single-stranded DNA (ssDNA).
The relative affinity of the BMRF1 gene products for a variety of nucleic acids was examined by a competitive filter-binding assay. A 25-ng portion of 3H-labeled calf thymus dsDNA was mixed with 25, 50, 100, and 150 ng of the following unlabeled nucleic acids: linear X dsDNA, circular M13mpl8 ssDNA, poly(dC)300. oligo(dG)12_18, and poly(dC)300 (Fig. 4B) formed. dsDNA competed more efficiently than M13mpl8 ssDNA (Fig. 4B, left panel) . Similarly, poly(dC)300. oligo (dG)12_18 competed more efficiently than single-stranded poly(dC)300 homopolymer (Fig. 4B, right panel) . These observations indicate that the BMRF1 gene products preferentially bind to dsDNA in a sequence-nonspecific manner and that the formation of DNA-protein complexes does not necessarily require a primer terminus. A length of at least 12 to 18 bp appears to be enough for the BMRF1 gene products to bind to the duplex region of the DNA.
It is possible that the minor contaminating proteins in the purified fraction of the BMRF1 gene products influence the results of the filter-binding assays. To confirm that the proteins binding to dsDNA were in fact the BMRF1 gene products, mobility shift assays were carried out (data not shown). When a 48-bp 5'-end-labeled duplex DNA fragment was mixed with the purified BMRF1 gene products, the labeled DNA displayed reduced mobility. The addition of anti-BMRF1 protein-specific MAb 10 min later produced a new complex of reduced mobility, whereas MAb 9240 alone did not alter the mobility of the DNA. These observations confirmed that the dsDNA binding is an inherent property of the protein and does not require a primer terminus region.
The other properties of the DNA-binding activity are Table 2 . The dsDNA-binding activity of the BMRF1 gene products is maximal at pH 8.0. Mg2+ was not essential for the activity. At 5 mM, the thiol reagent N-ethylmaleimide had almost no inhibitory effect on the DNAbinding activity. However, the proteins incubated at 42°C for 15 min displayed no observed binding activity. The binding activity was significantly sensitive to changes in the salt concentrations. NaCl concentrations of over 200 mM inhibited the formation of DNA-BMRF1 protein complexes. The addition of 2 mM ATP did not stimulate the formation of the DNA-protein complex, unlike the situation for the T4 DNA polymerase accessory protein gene 44/62 and gene 45 (14) or DNA polymerase 8 accessory protein RF-C and proliferating cell nuclear antigen (27) .
The BMRF1 gene products exhibit no DNA-dependent ATPase activity. It is known that T4 gene 44/62 proteins (T4 DNA polymerase accessory proteins) or RF-C (eukaryotic DNA polymerase 8 accessory proteins) exhibit DNA-dependent ATPase activities for their specific primer terminus binding (14, 27) . To test whether the EBV DNA polymerase accessory proteins, the BMRF1 gene products, also exhibit the activity, the peak fractions of the final chromatography of the heparin-agarose column were assayed for DNAdependent ATPase activity. It was found that the BMRF1 gene products did not exhibit any detectable ATP hydrolysis (data not shown).
Discussion and conclusions. To induce EA-D proteins (BMRF1 proteins) in EBV-transformed B cells, the cells are usually treated with chemical agents such as tetradecanoyl phorbol acetate and sodium n-butyrate or superinfected with cell-free EBV. However, the induction procedure is subject to irreproducibility, and induction efficiency is usually low. The expression of the BMRF1 gene products in the baculovirus system can be controlled by adjusting for the multiplicity of infection and is more reproducible. Alternatively, in the chemically induced EBV-transformed B-cell lines, high levels of alkaline exonuclease activity are induced. To avoid contamination of the nuclease activity, more purification steps are needed for the BMRF1 protein purification from the EBV-transformed B-cell lines (32) . In contrast, in the AcBMRFl-infected SF9 cells there was little nuclease activity and the purified BMRF1 protein fraction was free from any detectable nuclease activity. Thus, the expression and purification systems described here will be very useful in attempts to understand the molecular basis of protein-protein interactions between the EBV DNA polymerase catalytic subunit and polymerase accessory protein during DNA replication and structure-function relationships with its substrates.
Although the estimated size of the BMRF1 gene product from the open reading frame of the EBV genome is 43 kDa (1), the molecular mass of the BMRF1 gene product expressed in the baculovirus expression system is 48 to 52 kDa. The 48-kDa unphosphorylated form of the BMRF1 gene product expressed in the baculovirus system is in close agreement with 46 to 47 kDa, the reported size of the BMRF1 protein in the reticulocyte lysate in vitro translation system (16, 22) . Therefore, the 48-kDa protein appears to be a primary form of the BMRF1 gene product. The EBV BMRF1 gene products of 52 and 50 kDa were phosphorylated in the recombinant baculovirus-infected insect cells. This observation suggests that the BMRF1 gene product may be phosphorylated by host cell-derived protein kinases and not by the EBV-encoded protein kinase, the BGLF4 protein (25) .
So far, several authors have described the EBV BMRF1 gene products in EBV-transformed B-cell lines. Pearson et al. (22) (13, 27) . RF-C exhibits DNA-dependent ATPase activity and functions as a primer terminus recognition protein. It cooperates with PCNA to stimulate processive DNA synthesis by DNA polymerase b. The DNA-binding activity of RF-C is stimulated by the addition of ATP. It binds specifically to the primer terminus junction (28) but not to ssDNA or dsDNA (27) . On the other hand, bacteriophage T7 DNA polymerase complex differs from these systems in its simplicity. T7 DNA polymerase has only one accessory protein, E. coli thioredoxin, which can stimulate the polymerase activity but neither binds to DNA by itself nor possesses DNA-dependent ATPase activity (12) . Herpes simplex virus type 1 (HSV-1) DNA polymerase complex consists of a polymerase catalytic subunit (UL30 protein) and polymerase accessory protein (UILA2 protein) with a stoichiometry of 1:1 (5, 9) and exhibits highly processive DNA replication (21) . Challberg and coworkers have recently reported on the primer terminus-binding site of the HSV-1 DNA polymerase complex (2, 8, 9) . The polymerase catalytic subunit is centered on the 3' terminus of the primer (15 bp of the primer template duplex region and an adjacent 18 bases of single-stranded template). The UILA2 protein binds a short contiguous region of the primer terminus duplex. Free UL42 protein binds nonspecifically to the duplex region of the substrate but does not bind to the single-stranded region (2). It does not exhibit any DNA-dependent ATPase activity (7) but functions to increase the processivity of the UL30 polymerase catalytic polypeptide (9, 11) . Although EBV BMRF1 protein possesses no significant amino acid sequence homology to HSV UL42 protein (7), the DNA-binding property of the EBV BMRF1 protein obtained in this study was in good agreement with that of HSV UL42 protein. EBV DNA polymerase accessory protein makes a tight complex with DNA polymerase catalytic subunit and binds nonspecifically to dsDNA without ATP hydrolysis. Although the relationship between the dsDNA-binding activity and the function of the BMRF1 protein on EBV DNA replication is not known with certainty, it is reasonable to speculate that the BMRF1 protein may increase the affinity of the polymerase for the primer terminus by its dsDNA-binding activity and that it may act as a "clamp" to decrease the dissociation of the polymerase from the template DNA.
